Using selected-area low-energy electron diffraction analysis, we showed strict orientational alignment of monolayer hexagonal boron nitride (h-BN) crystallites with Cu(100) surface lattices of Cu foil substrates during atmospheric pressure chemical vapor deposition. In sharp contrast, the graphene-Cu(100) system is well-known to assume a wide range of rotations despite graphene's crystallographic similarity to h-BN. Our density functional theory calculations uncovered the origin of this surprising difference: The crystallite orientation is determined during nucleation by interactions between the cluster's edges and the substrate. Unlike the weaker B-and N-Cu interactions, strong C-Cu interactions rearrange surface Cu atoms, resulting in the aligned geometry not being a distinct minimum in total energy. The discovery made in this specific case runs counter to the conventional wisdom that strong epilayer-substrate interactions enhance orientational alignment in epitaxy and sheds light on the factors that determine orientational relation in van der Waals epitaxy of 2D materials.
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two-dimensional materials | van der Waals epitaxy | hexagonal boron nitride | graphene | orientational relation R esearch on van der Waals (vdW) heterostructures formed by stacking up various 2D crystals is an emerging field (1) because the numerous possible interfaces may lead to new physics not necessarily associated with the constituent 2D materials and, therefore, to novel applications. Most pioneering works on vdW heterostructures are based on mechanical placement of exfoliated 2D crystal flakes (2) (3) (4) , where uncertainty in the orientational relation between layers is inevitable. For some purposes, e.g., to enhance graphene's transport by placing it on hexagonal boron nitride (3) (h-BN, or simply BN hereafter), the orientational relation is not important. In other cases, however, a definitive orientational relation is necessary for certain physical properties to arise. Examples include the tunneling behavior of a graphene-insulator-graphene junction (5) and the band structure of graphene placed on top of BN (2) .
The only practical way to achieve certainty in orientational relation, or azimuthal order, in vdW heterostructures is epitaxial growth. Actually, vdW epitaxy has been studied for decades as a method to overcome lattice mismatch (6, 7) enabled by the relatively weak and flexible vdW interactions between the epilayer and the substrate. Although vdW epitaxy [or quasiepitaxy (8) ] is typically incommensurate, there can be a well-defined orientational relation (8) , which has been observed in many examples of vdW epitaxy (6, 7, (9) (10) (11) . In some cases, however, a definitive epilayer-substrate orientational relation is lacking (12, 13) . At the moment when vdW epitaxy is shaping into a new thrust area in 2D crystal research, it is imperative to uncover the mechanisms that determine the orientational relation.
Epilayer-substrate interactions lead to registry in commensurate epitaxy, which naturally guarantees orientational alignment between the epilayer and the substrate. In vdW epitaxy, one would intuitively expect that strong epilayer-substrate interactions enhance azimuthal order, and this trend has been observed in some experiments (14) (15) (16) ). Here we show by a case study that the conventional wisdom does not always apply and that the relationship between the azimuthal order and the epilayer-substrate interactions in vdW epitaxy is highly case-specific. This surprising finding sheds light on the determination of orientational relation in vdW epitaxy.
One would also intuitively expect crystallography and symmetry similarities between the epilayer and substrate to be important, if not determining, factors to orientational alignment. Graphene has been grown with orientational alignment on crystallographically similar BN (10, 11) . Lattice constant mismatched transition metal chalcogenides are orientationally aligned to each other in vdW epitaxial heterostructures (7), presumably because they share a threefold symmetry. In this work, we show that threefold symmetric BN exhibits definitive orientational alignments when grown on the fourfold symmetric Cu(100) surface. In stark contrast, the graphene-Cu(100) epitaxy exhibits a distribution of rotations (17) (18) (19) . This difference occurs despite the close Significance van der Waals (vdW) heterostructures of dissimilar 2D material sheets held together by vdW interactions promise new physics and applications not necessarily associated with the constituent 2D materials. Only epitaxial growth can achieve the orientational alignment in vdW heterostructures needed to obtain certain novel phenomena. As a case study of vdW epitaxy, we experimentally find that hexagonal boron nitride strictly aligns to Cu(100), whereas crystallographically similar graphene is known to exhibit a wide spread of in-plane rotations. Theoretical investigation reveals that this stark difference occurs because the C-Cu interactions are stronger than the B-Cu and N-Cu interactions. This counterintuitive discovery sheds light on orientational relationships in vdW epitaxy and their case specificity. crystallographic similarity between graphene and BN. First-principles calculations reveal that the difference between the two systems arises from epilayer-substrate interactions.
Results
Monolayer BN Single-Crystal Growth. Methods describes the growth by atmospheric-pressure chemical vapor deposition (APCVD) (20) on cold-rolled copper foils. Except for the precursor, the conditions were the same as we previously used to grow graphene crystallites (19) . The wide thermal decomposition window and the violent decomposition behavior of the precursor ammonia borane (H 3 B−NH 3 ) hinder the synthesis of monolayer BN crystallites with well-defined, energetically favored edges (21, 22) . We leverage the diffusionlimited kinetics of APCVD to achieve a low feedstock arrival rate, which was further controlled by the precursor charge. Analogous to graphene APCVD using highly diluted methane (23, 24) , the method results in monolayer single crystals with energetically favored edges, commonly believed to be nitrogen-terminated zigzag edges, and therefore exhibiting the distinctive equilateral triangle shape (22, 25) . The scanning electron microscopy (SEM) image in Fig. 1A shows isolated, equilateral triangle-shaped BN domains grown with a low precursor charge. With increased precursor charge, crystallites coalesce into islands of complex shapes, such as butterflies and stars ( Fig. 1B and SI Appendix, Fig. S1 ). Arrows overlaid on the BN domains in Fig. 1A suggest that these triangles are oriented only in several directions, a result that warrants an in-depth investigation.
In addition, samples were characterized by X-ray photoemission spectroscopy and UV-visible spectroscopy (SI Appendix, Figs. S2 and S3) for chemical analysis and optical band-gap measurement, respectively. On the atomic scale, the element-contrast (Z-contrast) annular dark-field scanning transmission electron microscopy (ADF STEM) image and the corresponding intensity line profile ( Fig. 1 C and D) show clear distinction between individual B and N atoms, which, considering the stacking of bulk hexagonal boron nitride (26) , unambiguously confirm that the crystallites are monolayer.
Monolayer BN-Cu(100) Superstructure. To understand the limited number of allowed orientations of the BN crystallites suggested by Fig. 1A , low-energy electron microscopy (LEEM) and selectedarea low-energy electron diffraction (μ-LEED) were performed to determine the relative crystallography of the BN domains on the Cu foil substrate. Every diffraction pattern acquired across millimeter length scales of the surface indicated a Cu(100) surface termination, consistent with the fact that the cold-rolled Cu foil surface after thermal annealing consists nearly exclusively of large, (100)-oriented grains (17, 27, 28) . Fig. 2A displays a representative μ-LEED pattern of a BN island, showing diffraction spots corresponding to Cu(100), BN, and a moiré formed between the BN and the underlying Cu(100). Because this pattern is rather complicated, we illustrate it schematically in Fig. 2B . The four first-order diffraction spots of the Cu(100) surface lattice are marked by brown arrows in Fig. 2A and are colored brown in Fig. 2B . Similarly, the six first-order diffraction spots corresponding to the BN overlayer are marked in blue. The moiré spots are circled and colored in green, and we note that many of the circles in Fig. 2A contain two or three diffraction spots; these are represented by single green dots in Fig. 2B . The BN island exhibits only one set of diffraction spots, which confirms its monocrystallinity. At the selected electron energy, the pattern in Fig. 2A shows a clear threefold symmetry: higher and lower intensity BN spots are marked by thicker and thinner blue arrows, respectively.
To account for the moiré pattern, we first note that the overall diffraction pattern has two high-symmetry directions: a horizontal direction with many closely spaced diffraction peaks from the superstructure (moiré) and a vertical direction where the separation between rows of closely spaced superstructure peaks is the Cu (100) reciprocal lattice constant. In the vertical direction, the vertical components of the BN and Cu(100) reciprocal lattices roughly align, i.e., a Cu * ∼ a BN *sin60°, where a Cu * and a BN * are the reciprocal lattice constants of the BN and the Cu(100) 2D lattices, respectively, leading to each Cu spot being collinear with a pair of first-order BN spots (blue). The close match between the BN and Cu(100) real-space lattice constants (a Cu ∼ a BN ∼ 0.25 nm) and the relationships a Cu * = 2π/a Cu and a BN * = 4π/( ffiffiffi ffi 3 p a BN ) explain this coincidence. In the horizontal direction, the ratio of the Cu(100) to BN reciprocal lattice constants is very close to 5:6, which leads to a supercell that in real space is 5× the Cu unit cell or 6× the BN unit cell. In reciprocal space this match creates four moiré spots (marked by green circles) equally spaced at 1/5 the separation between the (00) spot and the first-order Cu spot, or five diffraction spots (including the first-order Cu spot) spaced at 1/6 the separation between the (00) beam and the first-order BN spot.
An atomic model (Fig. 2C ) is constructed based on these coincidences observed in the diffraction pattern: a Cu ∼ a BN (within +2.1%) along the vertical direction, and 5a Cu ∼ 6a BN sin60°(within -1.8%) in the horizontal direction. We point out that this model is an illustration of the orientational relation and periodicity; any lateral translation is allowable. As a consequence of small lattice mismatches (+2.1% and -1.8% in the two directions), each moiré spot marked by a green circle in Fig. 2A actually comprises three closely spaced spots.
Orientational Alignment Between BN Crystallites and the Cu (100) Lattice. Unlike the graphene-Cu(100) system (17) (18) (19) , μ-LEED analysis on multiple BN crystallites surprisingly shows that only four equivalent orientations occur for BN on Cu(100), i.e., BN crystallites are well aligned to the underlying Cu(100) lattice. Fig.  3A shows a bright-field LEEM image, where BN islands are imaged as bright triangular regions. The entire field of view is a single Cu(100) grain. Fig. 3 C-F displays μ-LEED patterns acquired on four BN islands that are circled and labeled in Fig. 3A . These four diffraction patterns correspond to four orientations of the BN on the Cu(100) surface. In each pattern, one BN reciprocal primitive vector aligns with one reciprocal primitive vector of the Cu(100) surface. Thus, by symmetry there are four equivalent orientations of BN crystals on Cu (100). Furthermore, dark-field imaging (SI Appendix, Fig. S5 ) of the same region imaged in Fig. 3 shows that four and only four orientations account for all of the BN islands in In addition, another set of LEEM-LEED data (SI Appendix, Fig. S4) , with only the first-order Cu and BN diffraction spots visible, more simply documents the epitaxial relationships revealed in Fig. 3 . Moreover, a better-resolved bright-field image (SI Appendix, Fig. S4A ), which reveals the equilateral triangle shape of the BN crystallites, together with the diffraction patterns allows us to confirm that the edge orientations of the BN triangles are indeed zigzag. (In Fig. 3A the crystallites are incompletely imaged, possibly due to the nonplanarity of the Cu foil.)
With the four allowed orientations accurately identified by LEEM and μ-LEED, SEM provides statistics over large areas. Fig.  4A shows a representative SEM image of BN islands grown on an as-received Cu foil. The orientations of triangular crystallites are carefully examined and analyzed, exploiting the distinctive equilateral triangle shape and the fact that their sides are zigzag edges. Four and only four possible orientations are observed, in good agreement with the LEEM-LEED measurement, as well as an earlier phenomenological observation (28) that the triangular domains tended to have one orientation. The uneven distribution between the orientations shown in the histogram (Fig. 4C ) may be due to the vicinal surface of the Cu grain. Interestingly, on electrochemically polished foils (Fig. 4 B and D) one orientation dominates, perhaps because the polishing resulted in a surface whose steps and terraces were preferentially aligned along one direction.
Oxygen Impurity Induced Misalignment. To test the sensitivity of the BN-Cu(100) orientational relation to the BN-Cu(100) interactions, we grew BN on oxygen-contaminated Cu foils without changing the recipe. Whereas surface oxygen has been associated with intriguing effects on graphene island morphology (29, 30), here we focus on its alteration to the cluster-substrate interactions. The LEED pattern (Fig. 5A) acquired from a region free of BN has four diffraction spots that are not present for a simple Cu(100) surface. These additional spots are attributed to the c(2 × 2) reconstruction of Cu(100) caused by adsorbed oxygen (31) . We then placed the electron beam spot within individual BN islands to perform μ-LEED. Fig. 5B displays a diffraction pattern obtained in one island, showing the Cu, BN, and c(2 × 2) reconstruction spots; some of the BN-Cu(100) moiré spots present in Figs. 2 and 3 are faintly visible. More important, new moiré spots (circled in cyan) appear, corresponding to double diffraction from the c(2 × 2) and BN lattices. This moiré formed by the BN and the c(2 × 2) provides strong evidence that the oxygen impurity is underneath the BN island. Due to the oxygen, the BN crystallites no longer lock into the four aligned orientations on Cu(100). The large-area LEED pattern in Fig. 5C , along with the orientation statistics (SI Appendix, Fig. S6 ), shows multiple rotation angles on individual Cu(100) grains. This wide angular distribution, along with the weak BN-Cu moiré spots, indicates that the intercalation of oxygen atoms between the BN crystallite and the Cu substrate alters the interaction and therefore the alignment between the two lattices, providing strong evidence that the BN-Cu interaction is essential to achieve the observed alignment of BN on pristine Cu(100).
Density Functional Theory Calculations. To understand why BN rigorously aligns on Cu(100) whereas graphene does not, we performed a comparative density functional theory (DFT) study to calculate the total energy vs. rotation angle of BN and graphene clusters on Cu(100) (Fig. 6) , which simulate the initial nucleation stage (32, 33) . We used the Vienna ab initio simulation package (34) with the projector augmented wave (PAW) method (35, 36) and the Perdew-Burke-Ernzerhof parameterization of the generalized gradient approximation (PBE-GGA) (37), as well as DFT-D2, a semiempirical approach that includes vdW interactions (38, 39) . The investigated structures were first relaxed using PBE-GGA functionals without vdW interactions to search for stable or metastable geometries around initial translational positions and The relaxed BN cluster exhibits a domed structure, similar to graphene clusters on Cu(111) and Ir(111) (32, 40) , indicating that the cluster interacts with the substrate predominantly at the periphery. Due to the three-and fourfold symmetries of BN and Cu(100), respectively, a rotation angle θ = Θ is equivalent to θ = Θ + 30°. Meanwhile, due to reflection symmetry, the total energy E total (Θ) = E total (−Θ). Therefore, we only need to consider θ ∈ [0°, 15°], and thus set the initial rotational angles to be θ = 0°, 5°, 10°, and 15°. Fig. 6A shows two of the stable or metastable geometries after relaxation by DFT-D2, θ = 0°and 6.2°. Fig. 6B displays the total energy vs. rotation angle plot for all of the stable-metastable configurations discovered by relaxation using PBE and DFT-D2. The total energy at θ = 0°was set to zero as the reference for both methods, which resulted in the same trend, suggesting that the effect of the net corrections due to vdW interactions between the cluster and the Cu substrate is quite close for all orientations and therefore plays a minimal role in determining the relative stability. One exception is that the θ = 9.1°geometry obtained by PBE relaxed into θ = 6.2°for DFT-D2, probably due to vdW interactions between edge atoms and Cu atoms underneath. The calculations support the experimentally observed alignment between the BN and Cu(100) lattices. The alignment of one edge of the cluster with the substrate lattice (Fig. 6A ) substantially enhances the cluster-substrate interaction, and any rotation away from this high-symmetry configuration will make the cluster less stable.
For comparison, we calculated the total energy vs. rotation angle for a graphene cluster with the same geometry. (Whereas graphene clusters should be equiangular hexagons, our clusters can be considered as six-sided with three edges of the shortest possible zigzag geometry.) The results are summarized in Fig. 6 C and D. Within the PBE, a few orientations near θ = 6.5°have nearly the same total energies as θ = 0°. By adding vdW interactions, some of these configurations even become more stable than θ = 0°. Moreover, other metastable orientations between θ = 0°and 6.5°are very likely to exist, although the present DFT study did not find any due to the stringent criteria used for force convergence in ionic relaxation. Therefore, in contrast with the strict alignment of BN on the Cu(100), the graphene cluster can rotate away from the highsymmetry orientation θ = 0°, consistent with the previous reported experiments (17) , where the diffraction intensity is high for θ ∈ [0°, ∼6.5°] although nonzero elsewhere.
Discussion
The calculated narrow rotation angle window of low total energy for BN-Cu(100) and a much wider one for graphene-Cu(100) are consistent with experiments. Nevertheless, the DFT-obtained data points in Fig. 6 per se do not explain why BN-Cu(100) strictly aligns whereas graphene-Cu(100) exhibits nonzero diffraction intensity at all angles, because these data points are total energy "local minima" in structural relaxation. The question how stable these local minima (i.e., metastable configurations) are in the two systems might be answered by exploring the rotation barriers between these local minima at a significantly higher computational cost than in the present work. Instead, we show below that the knowledge of the exact energy landscape between these local minima is not necessary to gain insights into the alignment mechanism.
By inspecting the Cu atoms in the top-view models of Fig. 6 A and C, we see that the graphene cluster induces more Cu atom rearrangement than does the BN cluster, making the Cu(100) substrate more "reconstructed" at the cluster periphery. (SI Appendix, Fig. S9 provides a more graphical illustration of the difference in substrate distortion.) At a growth temperature close to the melting point of bulk Cu, these Cu atoms are pulled by a rotated cluster from their original positions in the Cu lattice to maximize cluster-edgesubstrate binding and therefore minimize the cluster-substrate system total energy. A graphene zigzag edge, if away from a Cu <100> direction, induces appreciable rearrangement of surface Cu atoms, due to strong C-Cu interactions. This action blurs the distinctiveness of a high-symmetry, i.e., aligned, configuration as a total energy minimum. For BN-Cu(100), on the other hand, the surface Cu atom rearrangement is negligible, thus the high-symmetry orientation θ = 0°remains a distinctive total energy minimum.
The origin of this difference is that the graphene zigzag edge-Cu interaction is much stronger than the BN zigzag edge-Cu interaction, as revealed by the present DFT calculations using the same method as in previous work (41) . To compare the strengths of graphene-Cu and BN-Cu interactions, we define a cluster's adsorption energy as the total energy of the isolated cluster and the bare Cu substrate minus that of the combined system. The adsorption energy of the graphene cluster is higher than that of the BN cluster by 4.19 eV, calculated by DFT-D2. This difference can be traced to the higher adsorption energy of C compared with B and N monomers. The carbon monomer adsorption energy on Cu(100) is larger than that of B and N by 0.71 eV and 1.65 eV, respectively.
The vdW epilayer orientation is determined soon after a cluster nucleates (32, 33) , when the edge atoms, with dangling bonds that interact strongly with the substrate, steer the cluster into the lowest energy orientation. As the crystallite grows, the vdW interaction between the cluster's interior atoms and the substrate dominates over the edge-substrate interactions due to the increased area-perimeter ratio, and the orientation is nailed down. Indeed, we have shown that the energetic preference of BN toward alignment with the underlying Cu(100) is overridden when BN growth is templated by a fresh edge of a preexisting graphene seed crystallite that is not aligned to the Cu lattice (19) .
The choice of the BN-and graphene-Cu(100) systems for this study emphasizes the effect of interactions between the edge atoms and the metal substrate, which are stronger than, say, between cluster edges and a covalent 2D material substrate. van der Waals epitaxy is usually incommensurate, lacking registry, even for epilayer-substrate pairs with shared symmetry. Orientational alignment minimizes the total energy by maximizing epilayersubstrate interaction. Stronger cluster-substrate interactions in the case of graphene-Cu(100), however, cause substrate surface atom displacements. This obscures the aligned orientation as a distinctive total energy minimum and, therefore, reduces orientational order. The fact that BN and graphene have different symmetries than Cu(100) signifies that the factors that control orientation go beyond merely shared symmetry between the epilayer and substrate.
Interestingly, for the present case study comparing graphene and BN on Cu(100), the notion that stronger epilayersubstrate interactions lead to reduced orientational alignment runs counter to the conventional wisdom discussed earlier.
Due to the complicated interplay between the cluster-edgesubstrate interactions and other interactions such as those within the substrate, the orientational relation in vdW epitaxy is case-specific and does not always follow a rule of thumb. Contrary to the present case, graphene strictly aligns to Cu(111) (18) but BN does not (42) . On the face-centered cubic Co(111) or the hexagonal close-packed Co(0001) surface, each crystallographically similar to Cu(111), however, BN exhibits strict alignment (43) .
In summary, we find that nuclei can be oriented by the nonvdW bonding between their edges and the substrate even in epilayer-substrate systems where vdW forces dominate the interplanar bonding. Thus, edge-substrate interactions must be generally considered when evaluating the vdW epitaxy of 2D crystals. We nonetheless point out that energetics is not the only factor. In early work by molecular beam epitaxy, alignment was observed in all experimented systems (6, 7, 9) . In recent experiments where alignment is lacking (12, 13) , kinetics might have led to misalignment for a relatively flat energy-rotation angle landscape that only slightly prefers alignment.
Methods
Synthesis and Transfer. BN crystallites were grown by APCVD on 25-μm-thick Cu foils (Alfa Aesar, 46986), which were sequentially washed by dilute nitric acid and deionized water, dried by a N 2 gun, and immediately loaded into the furnace. For growth on oxygen-contaminated foils, the foils were kept in air for more than 1 d before loading. Before the growth, H 3 N−BH 3 was loaded in a boat located in the upstream region of the tube. The furnace was gradually heated to 1,050°C over 60 min in Ar:H 2 (400 and 100 standard cubic centimeters, respectively), followed by annealing at the same temperature and gas flow rates for 10 min. To start the growth procedure, BN precursor was heated to sublime at ∼120°C by a heating tape wrapped around the tube. The typical growth time was 10-30 min, followed by rapid cooling. . Dashed line segments connecting data points for visual guidance signify that data points represent discrete stable or metastable configurations; kinetic pathways between these data points remain to be explored.
